We analyse the efficiency of future large scale structure surveys to unveil the presence of scale dependent features in the primordial spectrum -resulting from cosmic inflation-imprinted in the distribution of galaxies. Features may appear as a consequence of non-trivial dynamics during cosmic inflation, in which one or more background quantities experienced small but rapid deviations from their characteristic slow-roll evolution. We consider two families of features: localised features and oscillatory extended features. To characterise them we employ various possible templates parametrising their scale dependence and provide forecasts on the constraints on these parametrisations for LSST like surveys. We perform a Fisher matrix analysis for three observables: cosmic microwave background (CMB), galaxy clustering and weak lensing. We find that the combined data set of these observables will be able to limit the presence of features down to levels that are more restrictive than current constraints coming from CMB observations only. In particular, we address the possibility of gaining information on currently known deviations from scale invariance inferred from CMB data, such as the feature appearing at the ℓ ∼ 20 multipole (which is the main contribution to the low-ℓ deficit) and another one around ℓ ∼ 800.
Introduction
The next generation of large scale structure surveys (LSS) will give us the chance to test our ideas about the primordial universe in a way complementary to cosmic microwave background (CMB) observations. At the moment, cosmic inflation [1, 2] constitutes our best theoretical framework to understand the origin of the primordial curvature fluctuations that gave rise to both the observed CMB temperature anisotropies and the LSS of our universe. The simplest version of cosmic inflation, known as single-field slow-roll inflation [3, 4] , predicts primordial curvature perturbations following an almost Gaussian distribution parametrised by a nearly scale-invariant power spectrum. So far, these characteristics have been found to be fully consistent with both CMB and LSS observations [5, 6] .
A prevailing hope within the study of inflation is that future observations involving primordial perturbations will reveal definite information about the ultra-violet (UV) complete theory that hosts the inflationary phase as a consistent mechanism.
For instance, a detection of B-modes in the CMB polarisation in the near future would reveal a new energy scale not too far from the grand unification scale, inviting us to speculate about the structure of a more fundamental theory accounting for both inflation and the standard model of particle physics. Other observations -such as departures from scale invariance and/or Gaussianity-would force us to leave behind the simplest models of inflation, and would reveal nontrivial information about the laws of physics that took place during the early universe by introducing further new energy scales.
Since the first versions of single-field slow-roll inflation were introduced, there has been some progress in understanding the variety of realisations of inflation within fundamental theories -such as string theory and supergravity-that bring together general relativity and quantum field theory. All of these theoretical realisations have in common the existence of a large number of scalar degrees of freedom that could have been dynamically relevant during inflation. It is now well understood that the interaction between the inflaton field and other degrees of freedom may lead to particular events during the inflationary history resulting in the appearance of features, i.e. departures from scale invariance, in the spectra of primordial fluctuations. Roughly speaking, these features could be categorised in two families: (a) localised features, namely, scale invariance departures that privilege a particular scale, and (b) extended oscillatory features, which are departures that spread along the entire observable spectra.
Examples of models leaving features in the spectra include: (1) models where the slow-roll parameters experience brief deviations from slow-roll, coming from features in the potential (e.g. steps and bumps in the potential) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ; (2) multi-field models of inflation with a meandering inflationary trajectory [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] ; (3) particle production during inflation for a brief period of time [32] [33] [34] [35] [36] [37] [38] ; (4) P (X)-models with features in the kinetic terms of the inflaton field [39] ; (5) string models of inflation [40] [41] [42] [43] ; (6) string and gauge theory models involving axions [44] [45] [46] . In addition, efforts have been made to study the appearance of features in the spectra in a model independent manner [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] , see Ref. [58] for a review.
The latest Planck results marginally support the existence of deviations from scale-invariance localised at different multipoles in the angular power spectrum [59] [60] [61] , that could be due to features in the primordial power spectrum. Features in the primordial spectra are excesses over the ΛCDM line, very much like the bumps over the standard model background seen in the LHC data. They are present in both Planck and WMAP, and can be thought of as indicators of new degrees of freedom at the inflationary energy scale [62] . Therefore, in order to increase the statistical significance of these bumps we have to look at different channels, just like in particle physics, where one looks at different decay amplitudes. In cosmology, these correspond to power spectra and bispectra of primordial (CMB) and late-time fields (LSS).
However, the sensitivity of CMB surveys is limited by several factors. Apart from cosmic variance, the CMB contains information emitted from the two dimensional surface of last scattering, limiting the number of modes that we have access to, hence limiting the size of the sample with which we are able to perform statistical analysis. Nonetheless, forthcoming LSS surveys such as Euclid [63] and LSST [64], will give us access to a three dimensional volume of modes which is expected to improve upon the current CMB results.
The purpose of this article is to anticipate how LSS surveys, specifically LSSTlike ones, will help us constrain, or even unveil, the existence of features in the primordial spectrum. Similarly to the CMB angular power spectrum, the matter power spectrum that parametrises the distribution of galaxies in our universe results from the initial conditions of the Hot Big-Bang universe delivered by inflation. Thus, if features were present in the primordial power spectrum, traces of them should be present in LSS observables. In view of the coming surveys, Refs. [65] [66] [67] [68] have recently initiated the study of features in the LSS signal of Euclid-and LSST-like surveys 1 . In this work we extend this line of research by forecasting constraints on inflationary features obtained by LSST-like surveys. More specifically, we use feature templates of the primordial power spectrum available in the literature and constrain them using three observables, namely galaxy clustering (GC), weak lensing (WL) and CMB power spectra. We construct Fisher matrices for each one and forecast errors for the amplitude, position, width, frequency and phase of primordial inflationary features, while marginalising over the ΛCDM parameters. We find that the addition of WL to the CMB+GC forecasts of Ref. [66] considerably improves constraints on the various parameters involved in the feature templates.
The present paper is organised as follows: In Section 2 we present the templates used to model features in the primordial power spectrum. In Secction 3 we discuss the CMB and LSS probes we use to forecast errors in Section 4. Finally, we offer some concluding remarks in Section 5.
Features in the primordial spectra
The possible signatures of new physics in the primordial spectra may be roughly divided into two classes: features localised around certain multipoles, and oscillatory features that extend over a range of wavenumbers. In this section we present the five templates that will be used for the forecasts.
In many relevant contexts, features in the primordial spectra are the result of rapid variations in the evolution of background quantities during inflation, that are communicated to cosmological perturbations around horizon crossing. A fairly powerful framework to study the appearance of this type of features, in a model in-dependent way, consists of the effective field theory of inflation [72] . In this scheme, the evolution of perturbations is sensitive to two important background quantities that effectively capture the background dynamics of a large variety of UV complete models:
2 The first parameter is the Hubble expansion rate H, and slow-roll parameters derived from it, such as ǫ ≡ −Ḣ/H 2 and η ≡ǫ/(Hǫ). The second parameter is the sound speed c s , and quantities derived from it such as its running s ≡ċ s /(Hc s ) (the value c s = 1 corresponds to single-field canonical inflation). In the EFT of inflation, features in the primordial power spectrum may be traced back to the sudden time variation of H and c s . In order to study the emergence of features for a given model, the time dependence of these parameters must be obtained by solving the background equations of motions. However, for the sake of simplicity, one may follow the simpler (but more limited approach) of assuming a specific time dependence.
If H and c s experience rapid sudden variations, but in such a way that the amplitudes of these variations remain small, it is possible to derive a simple relation linking background quantities and the features in the power spectrum ∆P, given by [73] :
where primes ( ′ ) represent derivatives with respect to conformal time τ . In the previous expression, P 0 denotes the featureless power spectrum obtained in standard single-field inflation:
The formula (2.1) offers a simple way to connect features in the power spectrum and the behaviour of the background felt by the perturbations during inflation. Analytic expressions alternative to (2.1), leading to essentially the same link between features and the variation of background quantities can be found in the literature, with slight differences coming from the formalism employed to derive them. For instance, the method to derive (2.1) has been dubbed the slow-roll Fourier transform (SRFT) approximation, and was first used in Ref. [74] to derive an expression for ∆P/P 0 due to variations of c s only. Alternatively, other works have analysed the generation of features in the power spectrum using the so called generalised slow-roll (GSR) method [75] . For example, in [57, 76] the GSR method was used to derive an analytical expression for ∆P/P 0 due to sudden variations of H that would allow to study the features generated by a step in the potential [77] . On the other hand, in Ref. [48] it was used to derive an expression capturing the effects of sudden variations of c s . A thorough discussion comparing the two methods (SRFT and GRS) can be found in Ref. [48] for the particular case where features are produced by changes in the sound speed c s . In that work, the authors conclude that both methods agree to a high degree of accuracy. Note however, that the features studied with these methods cannot be too sharp. In such a case, the EFT starts being invalid since the slow-roll parameters grow in amplitude and the decoupling limit cannot be implemented anymore. GSR holds slightly beyond this regime but for an extremely sharp feature perturbation theory in general breaks down and both approaches fail to capture the dynamics of perturbations on such a background.
Another context in which features in the power spectrum may appear, and that cannot be treated in terms of a single-field EFT description, is related to the sudden production of particles during inflation able to backreact on the evolution of the inflaton perturbations [32] . For example, if the inflaton is coupled to a second field that suddenly becomes massless during inflation, the latter can generate bursts of quanta that may backreact on the dynamics of inflaton perturbations [36] . In this case, obtaining an analytic expression for the power spectrum such as (2.1) is less trivial. However, generically the features resulting from particle production correspond to bumps, which are easy to fit with simple functions of the scale.
In what follows we proceed to present five templates for ∆P/P 0 deduced by different authors, studying different types of phenomena giving rise to features. Most of them come from an effective description in which perturbations are affected by the sudden evolution of background quantities, as expressed in Eq. (2.1). The third template, appears within the context of particle production during inflation. These templates will be used in the following sections as reference models to analyse the search of features in an LSST-like survey.
Notice that three out of these five templates (III-V) have already been considered 3 in Ref. [66] for the particular case of CMB+GC. Before discussing them in detail, let us clarify that the fiducial amplitudes we have used are the Planck best fits [79] . In order to discuss the improvement of forecasts upon adding WL data to CMB+GC, we have mostly kept the same fiducial values for the parameters of the corresponding templates as in Ref. [66] . As we shall see, our CMB+GC results correctly reproduce those cases, while CMB+GC+WL considerably reduces the forecasted errorbars for some features.
Template I
The authors of Ref. [48] considered various classes of time variations of the sound speed c s to deduce useful templates that would allow the study of features in the CMB [80] . One particular case of interest corresponds to the situation where the sound speed varies with a Gaussian profile of the form:
Here the time dependent behavior for c s is dictated by three parameters: ∆c tells us how large is the departure of c s from unity, τ f corresponds to the conformal time at which the departure becomes maximal, and β −1 gives the duration of the departure in units of H −1 . Using this behavior, the authors of Ref. [48] were able to deduce a power spectrum of the form
where D(k) is an envelope function (centered at k = 0) given by
In the previous expressions, the parameter C determines the amplitude of the feature. On the other hand, k f = 1/|τ f | parametrises the lengthscale of the oscillatory behavior and determines the scale at which the feature starts to appear in the spectrum. Finally, the parameter k d parametrises the length of the tail of the feature. When k f ≪ k d , then k d roughly determines the location at which the feature peaks. We will use the following fiducial values [48] for the parameters:
for which we plot the template in Fig. 1 . The k d 's are chosen so that the template peaks around the positions of the expected features at k = (0.05 ; 0.1 ; 0.2) Mpc −1 , as can be seen in Fig. 1 .
The authors of Ref. [48] also considered other possible behaviors for c s , leading to other classes of templates, e.g. localised oscillatory ones. Such a signal also belongs to the class of standard clock templates [81, 82] , constrained in [66] , which is however much broader, since it interpolates between sharp and resonant clock features. In order to not overload our results we choose to study the one written in Eq. (2.4).
Template II
The second template to consider models the effects of a step in the inflationary potential on the power spectrum. In Ref. [77] the authors studied the effect of a step in the potential of the form
where C and d denote the hight and length of the step, respectively. On the other hand, φ f denotes the location of the step in field space. The authors of Ref. [77] were able to integrate the background equations of motion to show that with such a step-feature, the slow-roll parameter ǫ = −Ḣ/H 2 is given by
where τ f is the conformal time at which the inflaton encounters the steps (determined by the value of φ f ). Then, using the generalised slow-roll formalism it is possible to find a power spectrum with features of the form [83] 
where f 0 (k) and f 1 (k) are given by
while D(k) is an envelope function:
f 1 is a second order correction in the GSR expansion, which is subleading with respect to f 0 . However, as shown in [83] , its inclusion is necessary given Planck's precision. The advantage of (2.9) is that it allows one to study features with fairly large amplitudes (up to C ≃ 2/3). In the case where 4 C ≪ 2/3 one recovers
, which agrees with the analytical expression (2.1) after η(τ ) derived from (2.8) is inserted. The roles of C, k f and k d are essentially the same as in our first template: C = 6C 0 /ǫ 0 is the amplitude of the feature, k f = 1/|τ f | parametrises the lengthscale of the oscillatory pattern, and
determines the length of the tail. In our analysis we will consider two sets of fiducial values for these parameters: one is the best fit of Planck [79] and matches the one considered in Ref. [66] : 13) chosen to reproduce the low-ℓ deficit found in the CMB angular power spectrum 5 . The other set is taken from [83] and reads
14)
The reason for the two sets is the following: the sharpness of the feature is controled by the ratio k d /k f ; the higher the value, the more drastic is the change of the background parameters within an e-fold. The fiducial values from the Planck collaboration correspond to a feature which is not sharp enough, in the sense that the Hubble parameters change considerably at a scale of an e-fold. In this case of a mild feature, the analytical template and the exact numerical solution of the MukhanovSasaki equation deviate considerably from each other [48, 83] . This means that in this regime, the template (2.9) has little to do with the theoretical model (Eqs. (2.7) and (2.8)) that is supposed to lie behind the appearance of such a feature. However, whatever the theory might be Planck uses this template and constrains it. It is a challenge for theorists to find a mechanism that produces a mild feature, which could be reliably modelled by such a template. The other set of fiducial values corresponds to a truly sharp feature, which can be safely attributed to a step in the inflaton potential. We plot the template obtained with these values in 
Template III
The third template that we consider was derived in Ref. [36] in order to model features resulting from particle production during inflation. As already explained, in this case features are not directly generated by variations of the background, as with templates I and II. Instead, they are sourced by the sudden production of quanta of a field coupled to the inflaton. In general, the features generated by particle production are bumpy, and are well fit by the following scale dependent function:
This template depends only on two parameters: C denotes the amplitude of the feature and k d its position in k-space. Notice that these two parameters accomplish the same role as those introduced in the previous two templates, once we exclude k f . Thus, the main difference between this template and the previous two, is the absence of oscillatory patterns, parametrised by k f . We choose fiducial values for the two parameters as:
Note that this type of bumpy feature has a lower amplitude than the other cases. The reason is that around k = 0.1 Mpc −1 , which corresponds to ℓ ∼ 1000, Planck has an accuracy 6 of 0.1%. We thus need to make sure that our choise respects this accuracy in multipole space. We have checked that the chosen fiducial amplitude fulfills this requirement, while also staying inside the 1σ errorbar of the polarisation spectra.
We plot the template resulting from these values in Fig. 3 . 
Template IV
The three previous templates have the common characteristic of being localised in k−space. However, the search of extended oscillatory features is also well justified. For instance, if the background quantity appearing in the square bracket of Eq. (2.1) has a very sharp sudden variation that could be approximated by a Dirac deltafunction ∝ δ(τ − τ 0 ), then one would obtain a feature of the form
This corresponds to a scale dependent feature spreading along the entire spectrum with a characteristic frequency determined by τ 0 . Such a situation could be achieved either by sharp variation of the sound speed c s (i.e. induced by a sudden turn in the multi-field inflationary trajectory) or by having a sharp variation of the inflationary background (i.e. induced by very sharp step in the inflationary potential). To model these type of oscillatory feature we will consider the following parametrisation:
This template was also considered in Refs. [86] [87] [88] [89] . We will consider the following fiducial values for the parameters C = 0.03, k f = (0.004; 0.03; 0.1) Mpc −1 , φ = 0, (2.19) which are based on Refs. [66, 79] . We plot the template of Eq. (2.18) with these values in Fig. 4 . 
Template V
Another class of oscillatory features appears when the background quantities appearing in Eq. (2.1) have an oscillatory behavior themselves. More to the point, if the c s and/or ǫ have a sinusoidal behavior of the form ∝ sin(ω ln τ ) then the primordial power spectrum is found to have the following resonant profile 20) where ϕ is a given phase. A background behaving like this could appear in inflationary models with periodic effective potentials like those appearing in monodromy inflation [91] and natural inflation [92] . We follow the parametrisation of this type of features used in Ref. [90] , and write 7 :
In addition, we take the following fiducial values according to Refs. [66, 79] :
We plot the template with these values in Fig. 5 . 
Cosmological Probes
In this section we discuss the three observables that will be used to forecast constraints on the cosmological parameters, having in mind the LSST setup. These are: galaxy power spectrum (GC) and weak lensing (WL) to which we add the CMB prior from Planck.
Spectroscopic galaxy power spectrum
Here we only show the expression of the observed power spectrum, which will be used to compute our forecasts, following Refs. [93] and [94] , we write the observed galaxy power spectrum as
where the subscript r refers to the reference (or fiducial) cosmological model. Here P shot is a scale-independent offset due to imperfect removal of shot-noise, µ = k ·r/k is the cosine of the angle of the wave mode with respect to the line of sight pointing into the directionr,P lin is the fiducial matter power spectrum evaluated at different redshifts in which the effects of the features are included:
where we have used the shorthand notation ∆ f ≡ ∆P P 0
, to denote the feature part of the power spectrum, while P m (z; k) is the linear featureless matter power spectrum. We have evaluatedP lin (z; k) with CAMB 8 , see [95] , including the feature modulation ∆ f . The wavenumber k and µ also have to be written in terms of the fiducial cosmology, see [93, 94, 96] for more details.
The redshift space distortion term in Eq. (3.1) has been paramterised by bσ 8 (z) and f σ 8 (z), i.e. the bias factor and the growth rate multiplied by σ 8 (z), respectively. The Alcock-Paczynski effect takes into account the change in volume by different cosmology and it is given by the Hubble parameter H(z) and the angular diameter distance D A (z) .
In this paper we follow the specifications reported in Table 2 of [66] : the LSST experiment will have an area of about 23000 square degrees, to which corresponds a fraction of the sky f sky = 0.58. The redshift range goes from z = 0.2 up to z = 3 divided into 7 redshift bins, each bin will have its corresponding galaxy density and k min − k max range. The photometric redshift error will be σ z = 0.04(1 + z) and the bias parameter is assumed to be redshift dependent paramaterised as b = 1 + 0.84z. The matter power spectrum, the r.m.s. amplitude of density fluctuations and the growth rate have been computed with the CAMB code.
In order to match the results with the WL signal we consider the direct derivatives of the galaxy power spectrum with respect to the cosmological parameter of interest.
Weak Lensing
To the galaxy clustering signal we add the weak lensing tomographic signal [98] [99] [100] [101] . Here, we only give the main equation expressing the weak lensing power spectrum, which is used for our forecasts, and we refer to the literature for further details.
The weak lensing convergence power spectrum (which in the linear regime is equal to the ellipticity power spectrum) is a linear function of the matter power spectrum convoluted with the lensing properties of space. For a ΛCDM cosmology it can be written as
where ℓ is the multipole number, W i 's are the window functions and the function χ is the comoving distance between the objects and the lens. P nl P lin (z; k) is the non-linear power spectrum at redshift z obtained by correcting the linear featurefull matter power spectrumP lin (z; k). However, the former needs to be modified. There is no easy way to modify the convergence power spectrum when we consider the nonlinear scales. For WL signal we need to evaluate the correlation of the WL potential: Φ 2 ; the latter is equal to ∆ f P m only at linear scales. If we consider non-linear scales, the above expression, in principle, is no longer valid because the feature part is a modification to the linear matter power spectrum.
On the other hand, we cannot strictly make use of the analytic expression of P nl , see e.g. [102, 103] , because it is designed for featureless models close to ΛCDM. Hence, if we want to take the features into account we need to use CAMB, which does not, however, compute P nl (∆ f P m ) but only P nl (P m ). Therefore, in this paper, we make the approximation of P nl (∆ f P m ) ∼ ∆ f P nl (P m ). We do not really know the error we commit when making this approximation, however we have tested it by evaluating the convergence power spectra for WL using the analytic expression for the nonlinear power spectrum [102] and we found a difference of less than 0.5%. As a consequence, we expect the errors to change by the same percentage.
The subscript ij in the window functions refers to the redshift bins around z i and z j , with
where D i (z) is the radial distribution function of galaxies in the i-th z-bin, obtained as follows: Since in this paper we choose WL tomography, we divide the whole galaxy sample into 5 bins with equal number of galaxies. We then simply extract the binned galaxy distribution function D i (z) by binning the overall distribution D(z) and convolving it with the photometric redshift distribution function [104] . The overall radial distribution is chosen to be (see [105] and references therein)
Statistical errors forecasts
In this section we estimate marginalised statistical errors on the parameters entering the featured power spectrum modelled by the five templates of Sec. 2. To perform our forecasts we use the Fisher information matrix [106] which, assuming a Gaussian likelihood and unbiased measurements, yields the best errors on the parameters given a specification.
Spectroscopic galaxy distribution Fisher matrix
The galaxy power spectrum Fisher matrix is given by [93] 
where GC stands for galaxy clustering, while the observed galaxy power spectrum P spec γγ is given by Eq. (3.1) corrected with the featured power spectrum. The derivatives are evaluated at the parameter values of the fiducial model, k min and k max depend on the redshift bin. Finally, V eff is the effective volume of the survey, given by
the latter equation holding for an average comoving number densityn. The number densities and further specifications can be found in Ref. [66] .
Weak Lensing Fisher matrix
The Fisher matrix for weak lensing is given by [104] :
where the sum runs from ℓ = 5 to ℓ = 5000, and summation over repeated indices is implied. To the weak lensing spectra we added a Poissonian shape noise term:
where γ int is the r.m.s. intrinsic ellipticity of galaxy images. In this work we use γ 1/2 int =0.2, see [105] . The number of galaxies per steradians belonging to the i-th bin is n i = 40 per arcmin 2 . Finally, we take a Gaussian shape of the covariance, however we report that non-Gaussian contributions might have strong influence on the forecasts, see for instance [107] .
CMB Fisher matrix
Finally, we impose a CMB prior to the LSS observables by adding to the GC and WL signals the Fisher matrix for the Planck mission. Following Refs. [108] [109] [110] [111] [112] , we define the CMB Fisher matrix as:
where C X ℓ is the CMB angular power spectrum at the ℓ th multipole for the signals X, Y = {T T, EE, BB}. For the CMB temperature and polarisation we add the instrumental noise and the beam as [108] 
where ∆ X is the detector noise for the different signals and θ FWHM is the full width half maximum of the beam evaluated in radians. If we consider multiple frequency channels, the total noise is given by 7) with i running over all channels.
The non vanishing elements of the covariance matrix Cov ℓ are: = 0 . We consider a Planck-like survey for which the fraction of sky covered is f sky = 0.75 and multipoles range from ℓ = 2 up to ℓ max = 2500. We use three frequencies for the signal 100GHz, 143GHz and 217GHz to which correspond a sensitivity of 25µK-arcmin in temperature and 50µK-arcmin in polarisation with a Gaussian beam width of about 5 arcmin, see [113] . The theoretical angular power spectra of the CMB have been computed with the CAMB code.
Forecasts
The parameters θ α for which we evaluate the Fisher matrices are the six cosmological parameters:
These correspond to the baryon density, reduced Hubble parameter, matter density, spectral index, reionisation and amplitude of scalar perturbations, respectively. To this set we add the subset of parameters corresponding to each template modeling features. The fiducial values of the cosmological parameters are the best-fit coming from the Planck mission [5] , while for the feature parameters we use the values quoted in Eqs. (2.6), (2.13), (2.14), (2.16), (2.19) and (2.22), which we rewrite here for convenience:
.215, (0.07 ; 0.13 ; 0.29), 0.005}, for the localised oscillation template of Eq. (2.4), We are interested in computing forecasts on the measurements of parameters involved in the feature part of the power spectra combining different observables. The probes are assumed to be uncorrelated, hence their Fisher matrices add:
and we derive confidence contours on the feature parameters and individual errors from this combined Fisher matrix, marginalising over all the other cosmological parameters considered in this analysis. Moreover, F GC αβ has been further marginalised over P shot .
We report the results for the errors upon the feature parameters using three data sets, i.e. CMB+GC, CMB+WL and CMB+GC+WL, in Tab. 1, Tab. 2, Tab. 3, Tab. 4 and Tab. 5 for the templates of Eqs. (2.4), (2.9), (2.15), (2.18) and (2.21) , respectively. The lines corresponding to CMB+GC have already been forecasted in Ref. [66] for the templates III-V. We find that our results are in one order of magnitude agreement due to the different CMB Fisher matrix that we use. We have a more ideal approach giving us the best errors possible. However, the relative correction induced by the addition of weak lensing data is the same in both cases. Here we show the sensitivity of the parameters entering in template II -Eq. (2.9)-for the three observables. In green we plot the constraints from CMB+GC, in light blue from CMB+WL and orange is the sum of the three observables. Here we show the sensitivity of the parameters entering in template IV -Eq. (2.18)-for the three observables. In green we plot the constraints from CMB+GC, in light blue from CMB+WL and orange is the sum of the three observables.
In Fig. 6 we plot the marginalised confidence regions for Template I, given in Eq. (2.4), modeling a localised oscillatory feature, stemming from time dependence of the sound speed. As can be seen from the plots and Tab. 1, for this parametrisation of features, for low frequencies WL will be able to constrain better the parameters of the model. The gain is about 33% with respect to the GC probe; however when we increase the frequency, GC probes better than WL the parameters of the model. The reason lies on the shape of the features and such a behaviour is seen in all of the templates: highly oscillatory profiles are better probed by GC. This is due to the integrals of the convergence power spectrum for WL, which are not able to capture fast oscillations in the matter power spectrum. However, combining all the Figure 10 : Here we show the sensitivity of the parameters entering in template V -Eq. (2.21)-for the three observables. In green we plot the constraints from CMB+GC, in light blue from CMB+WL and orange is the sum of the three observables. three probes we are able to reach a sensitivity of about 5% for the parameters of the model.
In Fig. 7 we plot the marginalised confidence regions for Template II, shown in Eq. (2.9). For the fiducial parameters reflecting a sharp feature (Eq. (2.14)) this template is modeling a step in the inflationary potential. In this case, the high frequency oscillatory profile of the power spectrum makes WL a less efficient probe than GC, for the same reason explained above. The precision is set by CMB+GC to 3% for the amplitude, 2% for k d and 0.03% for the frequency.
In the regime of a mild feature 9 corresponding to fiducial values written in Eq. (2.13), as can be seen from the plots and Tab. 2, both GC and WL are comparable in size, i.e. they are both able to constrain the parameters with the same accuracy. In fact, adding WL the improvement is of about 20% for the amplitude, 15% for the position k d , and 3% for the frequency k f . Therefore, combining all three observables the errors reduce to 15% for the amplitude C, 0.2% for the frequency k f and about 17% for the position k d , relative to their fiducial values. Here the situation is different, this class of models have a bump in the power spectrum of about 30% of the total signal and they do not admit a highly oscillatory behaviour. Hence the LSS observables can equally constrain the parameters of the model.
In Fig. 8 we plot the full marginalised contours for Template III, given in Eq. (2.15), modeling primordial features stemming from particle production during inflation. As can be seen in Tab. 3, for this particular case, WL considerably improves the forecasted errorbars especially for the high k feature, for which we get a 40% better error on both parameters compared to CMB+GC. This is easy to understand by just looking at the profile of the feature: for large values of k d the signal is peaked at scales way beyond the limit of GC observables; on the other hand, WL is also sensitive to small scale perturbations and hence it will be a better probe to test a feature with large k d . For the middle and low k d fiducial values, the errors improve by 30% and 20%, respectively. Combining all the three probes, the relative error for both parameters of the feature is of the order of 30% for the low k d , while it improves to 20% for the higher multipoles. This relatively low precision is due to the fact that we are forced to have a very small amplitude in order to respect the Planck accuracy.
In Fig. 9 , we show the marginalised confidence regions for the template of Eq. (2.18), modeling a sharp feature. As can be seen from the plots and Tab. 4, WL is able to better constrain the parameters only if the oscillatory behavior of feature is mild. This is especially the case for k f = 0.1/Mpc, where WL improves the errors of about 60% for the amplitude, 40% for the frequency and 80% for the phase. For the middle frequency the difference is only about 30%. On the other hand, for the highest frequency, k f = 0.004/Mpc, CMB+GC is a better probe.
In Fig. 10 , we present the marginalised confidence regions corresponding to the template of Eq. (2.21), modeling a resonant feature in the inflationary potential. As can be seen from the plots and Tab. 5, WL and GC have the same sensitivity, only for the case with the lowest frequency Ω = 5, for which CMB+WL improves the errors on all parameters by 10% compared to CMB+GC. For the other two cases, GC is a better probe and will capture the feature in the galaxy power spectrum at least one order of magnitude better than WL alone. As previously argued, the convergence power spectrum from WL is less sensitive to highly oscillatory profiles.
In summary, for oscillatory features with low frequencies, CMB+WL gives tighter constraints; the situation is inverted, i.e. CMB+GC is a better probe, when high values of the frequencies are chosen. For instance, this is the case for Template I, IV and V when we chose high values of the frequency. In Template II the parameters are chosen such that few oscillations appear on the power spectrum but with a large amplitude (up to 20% of the total signal). These oscillations appear only at k < 0.01 1/Mpc which is well within the range of observation for both GC and WL and this is the reason why both GC ad WL probe equally the parameters of this model. Finally, Template III consists of a bump (without oscillations); in this case if the bump is centered at high k then CMB+WL is able to give more stringent results with respect to CMB+GC because it has access to more modes.
Concluding remarks
A possible hint of new high energy physics lies in the primordial CMB power spectrum. The Planck and WMAP data marginally support the presence of scale dependent features in the power spectrum which represent deviations from the ΛCDM predicted curve at several multipoles. These features can be studied with templates that find motivation in models of inflation with different underlying UV mechanisms.
As usual in physics, when a signal appears in a data set, one needs to collect the maximum amount of data from several channels in order to increase the statistical significance of the claim. The observables dealt with in cosmology are early and late time spectra which include two-and three-point functions of temperature fluctuations at different redshifts, convoluted with several late time processes. These are the analogs of, say, scattering amplitudes of collisions in particle physics. Moreover, the next generation of cosmological data is expected in the following few decades from LSS surveys like Euclid and LSST.
Combined searches of primordial n-point functions, as well as primordial power spectrum/galaxy clustering power spectrum, have already been proposed in the literature to constrain the presence of inflationary features. In this work we have traced the primordial features in the late time observables of galaxy clustering and weak lensing power spectra. We examined the efficiency of an LSST-like survey to further constrain the parameters involved in the templates, providing a different channel where these features can be observed.
We have focused on five templates motivated by well studied UV scenarios: variations of the sound speed of curvature perturbations (introduced, for instance, by the presence of heavy degrees of freedom coupled to inflation), features in the inflaton potential, features in the internal space of multifield models, particle production during inflation and axion inflation. We saw that LSS adds a large amount of information to cosmological observables since the corresponding surveys will be able to probe a much larger number of modes, at the cost, however, of increasing foreground uncertainties. We demonstrated that WL and GC are competitive probes and their addition to CMB significantly improves the forecasts. As cosmology enters the precision era, we should aim at the most stringent constraints that can be placed upon new physics and indeed, for some cases, WL data on top of CMB+GC improve at most of about 80%.
Specifically, we found that the forthcoming combined CMB+GC+WL data set will be able to increase the resolution on the amplitude, position, width, frequency and phase of the features in the primordial power spectrum. In the case of oscillatory profiles, the improvement is significant only for features with low frequency.
